The mass function of galaxy clusters is a powerful tool to constrain cosmological parameters, e.g., the mass fluctuation on the scale of 8 h −1 Mpc, σ 8 , and the abundance of total matter, Ω m . We first determine the scaling relations between cluster mass and cluster richness, summed r-band luminosity and the global galaxy number within a cluster radius. These relations are then used to two complete volume-limited rich cluster samples which we obtained from the Sloan Digital Sky Survey (SDSS). We estimate the masses of these clusters and determine the cluster mass function. Fitting the data with a theoretical expression, we get the cosmological parameter constraints in the form of σ 8 (Ω m /0.3) α = β and find out the parameters of α =0.40-0.50 and β =0.8-0.9, so that σ 8 =0.8-0.9 if Ω m = 0.3. Our σ 8 value is slightly higher than recent estimates from the mass function of X-ray clusters and the Wilkinson Microwave Anisotropy Probe (WMAP) data, but consistent with the weak lensing statistics.
INTRODUCTION
Precise determination of cosmological parameters is an important goal in astrophysics. In the linear theory, the present rootmean-square (rms) mass fluctuation on the scale of 8 h −1 Mpc, σ8, is one of fundamental parameters (see Spergel et al. 2003) to describe the power spectrum of mass fluctuations in the universe. It is one of key parameters in the large scale structure simulations (e.g., Jenkins et al. 1998) . The σ8 can be determined by galaxy-galaxy correlations (e.g., Tegmark et al. 2004; Cole et al. 2005) , fluctuations in the cosmic microwave background (Spergel et al. 2003 (Spergel et al. , 2007 Komatsu et al. 2009 ), gravitational lensing statistics (e.g., Hoekstra et al. 2006; Kitching et al. 2007; Benjamin et al. 2007 ), cluster mass function (e.g., White et al. 1993; Bahcall & Fan 1998; Reiprich & Böhringer 2002) , Lyα forest (Jena et al. 2005; McDonald et al. 2005 ) and galaxy peculiar velocities (Feldman et al. 2003) .
The cluster mass function can be determined by the estimated masses for a sample of clusters (e.g., Dahle 2006) , or by the X-ray luminosity and temperature function with a prior scaling relation (Viana & Liddle 1996; Allen et al. 2003) . Fitting the cluster mass function with a theoretical expression can provide constraint on σ8. Generally, σ8 is coupled with Ωm, the abundance of present total matter, in the form of σ8(Ωm/0.3) α = β. Previous studies have found α in the range 0.3-0.6 and β in the range 0.6-1.2 (see Table 2 in Section 4). The determined σ8 in recent years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) has a ⋆ E-mail: zhonglue@nao.cas.cn mean value of 0.73±0.05 assuming Ωm = 0.3, which is in agreement with the WMAP data (Komatsu et al. 2009 ), but lower than those by weak lensing statistics (Hetterscheidt et al. 2007 ), galaxygalaxy correlations (Tegmark et al. 2004; Cole et al. 2005) and Lyα forest (Jena et al. 2005; McDonald et al. 2005) .
The amplitude of cluster mass function has large uncertainties, mainly caused by the uncertain normalization of the mass scaling relation (e.g., Henry 2004) . Other uncertainties come from the scatter of mass scaling relation and the incompleteness of the Xray flux-limited cluster samples (Reiprich & Böhringer 2002) . The cluster mass function may be underestimated if only X-ray clusters are used. Erben et al. (2000) and Dahle et al. (2003) have noticed the existence of a class of X-ray-underluminous massive clusters. Popesso et al. (2007a) found that 40% of Abell clusters have a low level or no detection in X-rays. A large complete volume-limited sample of clusters is crucial for the purpose. Using the photometric redshifts of galaxies, we found 39,668 clusters in the redshift range 0.05 < z < 0.6 (Wen et al. 2009 ). Clusters are approximate volume-limited complete in the redshift range 0.05 < z < 0.42. The richnesses and the summed luminosities of clusters are estimated from their luminous members, and they are tightly related to cluster mass. In Section 2, we carefully determine the scaling relation for cluster mass. In Section 3, we get the cluster mass function for a local sample of clusters and a sample at mediate redshifts, and then fit the cluster mass function with a theoretical expression for constraints on cosmological parameters, Ωm and σ8. Discussions and conclusions are given in Section 4. Throughout this paper, we assume a flat ΛCDM cosmology, taking H0 =100 h km s −1 Mpc −1 , with h = 0.72, Ωm = 1−ΩΛ.
MASS SCALING RELATIONS FOR CLUSTERS
We identified 39,668 clusters from the SDSS DR6 by discrimination of luminous member galaxies with following steps (Wen et al. 2009 ). First, we assume that each galaxy at a given photometric redshift z is the central galaxy of a cluster candidate, and we count the number of luminous "member galaxies" of Mr −21 within a radius of 0.5 Mpc and a photometric redshift gap of z ± 0.04(1 + z).
We set ∆z = 0.04(1 + z) for the gap to allow variable uncertainties of photometric redshifts at different redshifts. Second, we define the center of a cluster candidate to be the position of the galaxy with a maximum number count. The cluster redshift is estimated to be the median value of the photometric redshifts of the recognized "members". Third, for each cluster candidate at z, all galaxies within 1 Mpc from the cluster center and z ± 0.04(1 + z) are assumed to be the member galaxies. Their absolute magnitudes are re-calculated with the cluster redshift. Finally, a cluster at z is identified when the number of member galaxies of Mr −21 reaches 8 within a projected radius of 0.5 Mpc and z ± ∆z. MonteCarlo simulations show that the detection rate is more than 90% for massive clusters (richness R 16.7) if the redshift uncertainty of cluster galaxies is about 0.03(1 + z).
We defined the cluster richness, R, to be the total number of galaxies (Mr −21) within a radius of 1 Mpc and z ±0.04(1+z) after subtracting the local background, i.e., the average number of luminous galaxies. The summed r-band luminosity of each cluster, Lr, is calculated as the total luminosity of member galaxies within the region also after subtracting the background. From the radial distribution of member galaxies, we got the cluster radius, rGGN , where the density of galaxies is as low as background. Here, we defined the Gross Galaxy Number (GGN ) of a cluster as the total number of luminous galaxies (Mr −21) within the radius rGGN and the redshift gap of z ± 0.04(1 + z) after subtracting the local background. It has been known for a long time that the cluster richness and summed luminosity are related to cluster mass (Girardi et al. 2002; Popesso et al. 2007b ), hence they can be the tracers of cluster mass. The GGN/rGGN is related to the amplitude of cluster-galaxy cross-correlation since the correlation is described by ξ(r) ∝ r −2 (e.g., Lilje & Efstathiou 1988) . We find that GGN/rGGN can also be the tracer of cluster richness.
Cluster mass can be determined by the velocity dispersion of member galaxies (Zwicky 1933) . However, velocity measurements can be corrupted by projection effects that might be difficult to diminish in practice. The error on the individual measurements can introduce a significant bias (von der Linden et al. 2007) . Under the assumption of hydrostatic equilibrium, the X-ray method can determine mass distribution of a cluster to a large radius. The assumption is invalid for clusters with substructures, inducing an underestimation of mass (Schindler 1996) . Weak gravitational lensing recently becomes a sophisticated method to estimate cluster mass without assumptions on dynamical state of a cluster. The uncertainty of mass mainly comes from the difficulty in measuring the image distortions of the faint background sources. We collect the cluster masses estimated by X-ray and weak lensing methods from literature (see Table 1 ). Usually, cluster masses are denoted as M∆ which is the mass within a radius r∆ interior to which the mean density is ∆ times the critical density of the universe. For cosmology with Ωm = 0.3, the virial mass is calculated within the radius r∆, here ∆ = 101, so that Mvir = M101 (Kitayama & Suto 1996) . Previous studies usually provided the mass within r200 or r500 (e.g., Reiprich & Böhringer 2002; Pedersen & Dahle 2007 ).
Here, we convert the mass of M200 and M500 to the virial mass Mvir according to Shimizu et al. (2003) . We will discuss later the influence on our result from a possible bias conversion. For each cluster with mass estimated, we calculate the cluster richness, the summed r-band luminosity and GGN/rGGN following the method of Wen et al. (2009) . Only clusters of richness R 8 are listed in Table 1 since the uncertainties of R and the summed luminosities become larger for clusters with a smaller R.
We notice that clusters with estimated masses preferentially have low (z 0.1) and mediate (∼ 0.2 < z < 0.25) redshifts (see Table 1 ). To minimize the uncertainty, we determine the scaling relations between the masses and observational tracers for clusters in the two small redshift ranges independently. This is because the discrimination of member galaxies (e.g., completeness or contamination rate) may be different for clusters at different redshifts, and the systematic bias can be ignored in such a small range. In the low redshift range (z 0.1), the masses of many clusters are available and distributed in a large mass range, which is good for determination of the scaling relations. We get 15 clusters of 0.05 < z < 0.1. We also include 8 clusters of 0.03 < z < 0.05 and one cluster of z = 0.113 to derive the scaling relations at the low redshift range. Several clusters have multiple estimates for mass from literature, we adopt the median value or the average of two middle ones for even measurements.
The mass-richness relation, i.e., the so called halo occupation distribution in some literature (e.g., Popesso et al. 2007b) , is described by a power law, R ∝ M µ . The correlation of cluster mass with the optical luminosity, i.e., the mass-to-light ratio M/L, is also described by a power law, M/L ∝ L ν , i.e., M ∝ L 1+ν . In Figure 1 , we show the correlations between cluster mass and cluster richness, summed luminosity and GGN/rGGN for 24 nearby clusters. The uncertainties of richness R, summed luminosity Lr and GGN/rGGN are about 10%-20% (Wen et al. 2009 ). We fit the correlations with power-law relations, log Mvir = (−1.43 ± 0.07) + (1.55 ± 0.06) log R,
log Mvir = (−1.77 ± 0.08) + (1.49 ± 0.05) log Lr,
and log Mvir = (−2.11±0.10)+(2.03±0.08) log(GGN/rGGN ). (3) Here, Mvir has a unit of 10 14 h −1 M⊙, Lr has a unit of 10 10 h −2 L⊙. The uncertainty of the estimated cluster mass, σ log M , is mainly determined by the uncertainties of the intercept and the slope in the logarithm for three scaling relations in Equation (1)-(3). Yee & Ellingson (2003) defined Bgc to be the amplitude of galaxy-cluster cross-correlation function and found Mvir ∝ B
1.64±0.28 gc
. The slope is in agreement with that of our Mvir to GGN/rGGN relation. These scaling relations, Equation (1)- (3), will be used to estimate masses of a complete volume-limited sample of clusters in the local universe for cluster mass function.
We can also use a much larger cluster sample at mediate redshift (∼ 0.2 < z < 0.25) for cluster mass function. Some massive clusters in this redshift range have their masses estimated (see Table 1). We obtain masses of 17 clusters in the redshift range of 0.17 < z < 0.26, of which 10 clusters have more than three estimates. In Figure 2 , we show the correlations between cluster mass and cluster richness, summed luminosity and GGN/rGGN for the 17 clusters. Most of them are similarly massive of 10 15 h −1 M⊙ and few have smaller masses, so that it is difficult to determine a new scaling relations. Here, we calibrate the mass scaling relations by assuming the same slopes of Equation (1)- (3) and finding the offsets. We then get the scaling relations, log Mvir = (−1.57 ± 0.12) + 1.55 log R,
log Mvir = (−2.03 ± 0.06) + 1.49 log Lr,
and log Mvir = (−2.33 ± 0.11) + 2.03 log(GGN/rGGN ).
The uncertainties in Equation (4)-(6) reflect the scatters of masses to the mean relations (dashed line). We notice that the scatter is the smallest for the Mvir-Lr relation for the high redshift data, because clusters with more than three estimates (black dots) are very consistent with the fitting relation (dashed line). Therefore, the cluster masses estimated by the Mvir-Lr relation may be more accurate than other tracers. The offsets between the relations for samples at two redshift ranges may come from the problem of the SDSS galaxy data. The sky background level is overestimated for nearby bright galaxies (12.5 < r < 15.5), so that galaxies have systematically fainter magnitudes by 0.15-0.2 mag than their true magnitude (Adelman-McCarthy et al. 2008 ). This can result in systematically lower cluster richness and summed luminosity for clusters of 0.05 < z < 0.1 than clusters of 0.2 < z < 0.25. The two scaling relations are used to samples of clusters at two redshift ranges independently. Hence, the systematic bias does not affect the final σ8 values from each sample.
CLUSTER MASS FUNCTIONS
Assuming a Gaussian distribution of mass fluctuation, Press & Schechter (1974) 
Here, ρ0 = 2.78 × 10 11 Ωmh 2 M⊙ Mpc −3 is the comoving density of the universe. M is the halo mass within a radius with a mean overdensity of 324 times of the mean density of the universe (roughly the virial mass, M101, if Ωm = 0.3). σ 2 (M, z) is the variance of the linearly evolved density field smoothed by a spherical top-hat filter that enclose mass M . Here, σ(M, z) = σ8 × f , where σ8 is the present linear rms mass fluctuation on the scale of 8 h −1 Mpc and f is a function of M , z, Ωm as well as the Hubble constant h, the abundance of baryons Ω b and the present cosmic microwave background temperature TCMB. d ln σ −1 /d ln M can be derived from the expression of σ(M, z) (see details of σ(M, z) in Reiprich & Böhringer 2002) . The values of Ωm and σ8 are the main parameters to define the mass function. The other parameters does not strongly affect the results in our analysis, thus can be fixed. The σ8 strongly depends on cluster mass function at the high mass end. Since the mass function is steep at high mass end, the data scatter for mass scaling relations induces more low mass to higher mass. Thus, the uncertainty of the mass scaling relation, σ log M , is included in the fitting. We re-write the mass function with the uncertainty on mass estimate to be the Jenkins function convolved by a Gaussian function,
where g(x, σ) = e −x 2 /2σ 2 /( √ 2πσ). First, we use a complete volume-limited sample of rich clusters (R 16.7, 90% complete) in the local universe (0.05 < z < 0.1) to determine the cluster mass function. Since the photometric redshift was used to identify the cluster member galaxies, the absolute magnitudes of member galaxies could have large uncertainties when the estimated cluster redshift slightly deviates from its true redshift. To reduce the uncertainty at low redshift, we use the spectroscopic redshifts of clusters if its discriminated members are spectroscopically observed. The cluster richness, the summed r-band luminosity and GGN/rGGN are re-calculated as Wen et al. (2009) . In this sample, 56 clusters have richness R 16.7, which are used to determine the cluster mass function in the local universe.
We apply the scaling relations of Equation (1)- (3) to these 56 rich clusters in the local universe and calculate the number of clusters as a function of mass. Figure 3 shows the cluster mass functions and the best fit with Equation (8). From the probability contours in the σ8-Ωm plane for three mass tracers (Figure 4) , we find that the σ8 and Ωm are coupled in the form of σ8(Ωm/0.3) α = β. From the cluster mass distribution using the mass-richness scaling relation, we find 
From the cluster mass distribution using the mass-luminosity scaling relation, we find
From the cluster mass distribution using the mass-GGN/rGGN scaling relation, we find (1)-(3), and the error bars on the vertical axis are calculated by Poisson statistics. The solid line is the best fit with the cluster mass function of Equation (8). The dashed line is the cluster mass function of Equation (8) 
During the fitting, we have taken into account only statistical uncertainties. Assuming Ωm = 0.3, the value of σ8 is 0.82 ± 0.04, 0.90±0.04 and 0.83±0.04 for masses scaled from cluster richness, summed luminosity and GGN/rGGN , respectively. We also apply the scaling relations of Equation (4)- (6) to the a complete volume-limited sample of 810 rich clusters (R 16.7) of 0.2 < z < 0.25 to calculate their masses, and get the cluster mass function. Again, spectroscopic redshifts of 466 clusters are used since they are available from the SDSS, otherwise photometric redshifts are used. Figure 5 shows the cluster mass functions and Figure 6 shows the contours in the σ8-Ωm plane based on three mass tracers. Since there are much more clusters in this sample, the mass functions have small errors than those of 0.05 < z < 0.1. We fit the data to Equation (8) for the cases using the mass tracer of richness, summed luminosity and the GGN/rGGN , respectively. Assuming Ωm = 0.3, the value of σ8 is 0.85 ± 0.02, 0.94 ± 0.02 and 0.82 ± 0.02, respectively. They are consistent with those from the cluster sample of 0.05 < z < 0.1 for each mass tracer.
DISCUSSIONS AND CONCLUSIONS
Cluster mass function can be accurately determined from a complete volume-limited sample. The scaling relations of cluster mass have been determined for three optical observations, cluster richness, summed luminosity and GGN/rGGN . The scaling relations are then used to estimate cluster mass for two samples of rich clusters. We get cluster mass functions and fit them with a theoretical expression. Cosmological parameters are constrained in the form of σ8(Ωm/0.3) α = β, with α =0.40-0.50 and β =0.8-0.9. For Ωm = 0.3, we get σ8 =0.8-0.9 using different mass tracers or using the rich cluster samples at different redshift ranges.
The σ8 values from the mass tracers of richness R and GGN/rGGN obtained using both cluster samples are consistent, while σ8 values derived from Lr are higher. This discrepancy may come from some potential systematic bias on the mass scaling relations. If the Mvir-Lr relations for both samples are really unbiased, then the cluster masses tracer by richness R and GGN/rGGN are systematically underestimated. However, it is hard to assess which one is a better mass tracer. Given the scarce of mass estimates from different methods for the same clusters in Table 1 for the scaling relations, it is also hard to estimate the systematic bias on these mass estimates due to different methods (X-ray or weak lensing). In our work, one potential systematic bias may come from the conversion of cluster mass from measured radii to the virial radius. Here, we use γ = Mvir/Mvir,true to stand for the systematic bias of masses in Table 1 , where Mvir,true stands for the true virial mass of a cluster. Assuming a γ, we get Mvir,true and then fit the mass function of clusters to obtain σ8. Figure 7 shows the variation of σ8 (with Ωm = 0.3 fixed) as a function γ based on the Mvir-Lr relation. We are only concerned about the cases γ 1. For example γ = 1.3, i.e., masses systematically overestimated by 30%, the values of σ8 are lower by about 10%. In fact, the deviation of γ from 1.0 is related to the uncertainty of intercept in the logarithm scaling relations in Equation (1)-(6). The other possible systematic bias on σ8 may come from the slope uncertainties of the scaling relations. Here, we illustrate the dependence of σ8 on the slope uncertainty, ∆ν. We only apply to the Mvir-Lr relation, for example. Given a ∆ν, i.e., Mvir = A L 1+ν+∆ν r , here ν = 1.49 according to Equation (2) and (5), we fit the power law with the data in Figure 1 and 2 to get A, and then get the cluster mass function and fit for σ8. Figure 8 shows the σ8 value varies with ∆ν. We find that the σ8 from the cluster sample of 0.05 < z < 0.1 does not change significantly with ∆ν, while the σ8 decreases from 1.05 to 0.81 for the cluster sample of 0.2 < z < 0.25 when the slope varies by ∆ν from -0.4 to 0.4.
We can compare our results of σ8 with previous determinations from cluster mass function, as listed in Table 2 . Most of previous results are based on X-ray flux-limited cluster samples. Our results are systematically larger than those from the mass function of X-ray clusters. Rozo et al. (2010) used the largest number of clusters from SDSS maxBCG catalog to determine the amplitude of cluster mass function. They did not estimate the mass for each cluster, but gave a statistical mass for clusters within a richness bins by weak lensing. They got σ8 = 0.76 ± 0.03 assuming Ωm = 0.30. The maxBCG clusters were selected based on the red brightest cluster galaxies (BCGs). However, the maxBCG method may miss about 25% clusters in which the BCGs have emission line and blue colors (Koester et al. 2007 ). We notice that about 15% rich clusters (R 16.7) are missing by the maxBCG method compared to our sample in the redshift range of 0.2 < z < 0.25. However, the systematic incompleteness only induces an underestimate of 3% for σ8. Therefore, the discrepancy probably comes from the uncertainty of mass scaling relations.
If we take Ωm = 0.26 derived from WMAP7, then our values of σ8 should become larger by a factor of (0.26/0.3) ∼0.42 = 1.06, roughly equal to adding 0.05 to the our σ8 value in Table 2 . Therefore, the σ8 values we derived from galaxy clusters are slightly larger than the those from the WMAP data (Komatsu et al. 2009; Larson et al. 2010) . While some reanalysis of the WMAP5 data independently ) gives σ8 = 0.921 ± 0.036 for Ωm = 0.32 ± 0.03 (see ). Some studies of cosmic microwave background at small scales also give higher values of σ8 than that from WMAP (Readhead et al. 2004; Dawson et al. 2006; Reichardt et al. 2009; Sievers et al. 2009 ).
Our result of σ8 are consistent with many recent studies using other methods. For example, the σ8 by weak lensing method has a mean value of 0.85±0.03 (see previous results in Table 5 of Hetterscheidt et al. 2007) , which is higher than previous results from X-ray clusters. Tegmark et al. (2004) studied the power spectrum of galaxies from the SDSS to constrain cosmological parameters. They obtained σ8 = 0.89 ± 0.02 and Ωm = 0.30 ± 0.03. Lee (2009) studied the normalization of the power spectrum via the ellipticity function of giant galaxy voids from SDSS DR5 and obtained σ8 = 0.90 ± 0.04. Jena et al. (2005) used the Lyα data and found σ8 = 0.9 and Ωm = 0.27. Feldman et al. (2003) used the galaxy peculiar velocities to probe the growth rate of the structure and found that σ8 = 1.13 In this work, we get six values of σ8 by cluster mass function. Basically, the results are consistent. However, the precise value of σ8 is still to be determined since our constraint is not only coupled with Ωm, but also has large uncertainties on the scaling relations.
